A 0.3 kW Power Processing Unit (PPU) was designed, tested on resistive loads, and then integrated with a miniaturized arcjet. The main goal of the design was to minimize size and mass while maintaining reasonable efficiency. In order to obtain the desired reductions in mass, simple topologies and control methods were considered. The PPU design incorporates a 50 kHz, current-mode-control, pulse.widthmodulated (PWM), push-pull topology. An input voltage of 28 J= 4 V was chosen for compatibility with typical unregulated low-voltage busses anticipated for smallsats. An efficiency of 0.90 under nominal operating conditions was obtained. The component mass of the PPU was 0.475 kg and could be improved by optimization of the output filter design. The estimated mass for a flight PPU based on this design is less than a kilogram.
Introduction
Since the 1980's, various arcjet systems have been developed for power levels from 1 to 30 kW. I-2 A 1.8 kW The main disadvantages are that it is unstable during open circuit operation and the power transformer core has a very low utilization factor because it is only excited in one direction.
Finally, push-pull topology was evaluated and chosen for this design.
The push-pull has been successfully used with higher power arcjets in previous work.9 It requires two switches and a bifilar primary winding as shown in the PPU schematic in Figure  1 . One issue associated with this particular design was the fabrication of the power transformer.
The expected high primary current requires a considerable amount of wire to minimize conduction losses in the transformer. As a result, special winding techniques to reduce leakage inductance and improve magnetic coupling are difficult to implement in the small core selected to reduce the mass of the PPU. Currentmode-control pulse-width-modulation was used on this design to avoid staircase saturation in the power transformer and for primary current limit.
Tr#nsformer
The power transformer was wound on a toroidal 3F3 ferrite core.
Ferrite materials yield a lower mass for the same cross sectional area compared to tape wound cores.
Also, ferrite cores have lower core losses compared to many metal cores. A switching frequency of 50 kHz and a maximum magnetic flux density of 0.27 T were chosen to reduce transformer size. Both windings were made of multiple strands of 24 AWG magnet wire to reduce losses due to skin effect.
The maximum calculated core and conduction losses for this transformer at nominal conditions were 3.1 W and 0.6 W, respectively.
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Output Filter
A maximum output current ripple of 15 to 20 percent was used as in previous PPU designs. 8-11 Because 2.0 A of output current was specified for this design, a large inductor is required to meet the ripple specification.
Using a switching frequency of 50 kHz on the PPU reduces the time the output inductor has to provide current to the arcjet while running at a certain duty cycle. This, in turn, reduces the inductance needed to meet the ripple specification. An amorphous metallic alloy C-core was chosen because its high saturation flux allowed both number of turns required and core size to be reduced. The output inductor also has an integral start winding which is part of the arcjet ignition circuit.
Details on this ignition technique are presented elsewhere. 12 An advantage of this technique is that the pulse characteristics can be easily tailored by minor changes in the ignition circuit to meet system requirements.
Physical Characteristics
Minimizing the mass and size of the PPU was the most important requirement of this design. The total component mass of the breadboard PPU as seen in the photograph shown in Figure 2 , is 0.475 kg. The total weight is 0.95 kg. The heaviest component in the PPU is the output inductor (0.175 kg). The inductor core was oversized due to limited core availability, but its weight and size could be considerably reduced by using a smaller core. Another heavy component is the power transformer which weights approximately 0.100 kg. This transformer design compares favorably with sizes of other designs and its window utilization is very good. Based on the breadboard weight and the anticipated improvements, it is estimated that a flight PPU could weigh less than a kilogram.
Performance
Output Characteristics
The PPU output characteristics were evaluated via operations on a resistive load.
The voltage-current characteristics of the PPU, at an output current of 2.0 A and for input voltages of 24, 28, and 32 V, are shown in Figure  3 .
The open circuit voltage is between 185 and 245 V over the input voltage range. The arcjet ignition circuit is also powered by the input bus. A family of ignition pulses from the PPU is shown in Figure 4 . The magnitude and width of the ignitions pulse is a function of the input voltage. For input voltages of 24, 28, and 32 V, the pulse magnitudes were 1.6, 1.8, and 2.1 kV,respectively, with a duration of approximately 12 _ts. These result in pulse energies of 14.1, 18.3, and 25.3 mJ, respectively.
Efficiency
The efficiency of the power supply was measured using digital multimeters to measure the input and output voltages and currents while operating the power supply on a resistive load. The miniaturized thruster was reliably started throughout the whole input voltage range. A typical breakdown of the miniaturized arcjet is shown in Figure 5 . Prior to the ignition pulse, the PPU open circuit voltage was approximately 215 V. As can be seen from the figure, the arcjet broke down close to the peak of the ignition pulse. The current overshot to approximately 2.7 A after ignition and then ramped down to the nominal 2.0 A setpoint in less than 2.0 ms.
Steady State Operation
During the integration test, the arcjet never stabilized.
Large voltage variation and oscillations in the plume were observed.
It was presumed that this was caused by a cathode/anode alignment problem.
For a 2.0 A current, the arc voltage fluctuated around 140 + 10 V which corresponds to a power level of approximately 0.280 kW. While it was not possible to resolve this problem in time to impact this report, the fact that the PPU was able to maintain this operating mode was very encouraging as it represents a much harder operating condition than the steady state Arc voltage and current waveforms for a nominal operating point are shown in Figure 6 . The current ripple is approximately 200 mA which corresponds to 10.0 percent ripple at a 2.0 A output current.
The arcjet was operated for approximately 2.0 hours without incident.
Conclusions
A 50 kHz, push-pull, current-mode PWM power processor for miniaturized arcjets was successfully developed.
It was tested on resistive loads at power levels between 0.150 to 0.350 kW at input voltages of 24 to 32 V.
Line and load regulation was better than 1 percent and efficiency ranged from 0.88 to 0.92 for typical operating points.
This design was based on previous I-kW class PPU designs and also included an integral start winding on the output inductor for arcjet ignition.
The component mass of the PPU was 0.475 kg and it could be further improved by optimization of the output inductor design.
It is presumed that a flight PPU using this design could weigh less than a kilogram. 
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